Effects of oceanographic variation with distance on long-range, low-frequency acoustic propagation in the Iceland-Faeroes front region of the ocean are considered in the presence of realistic topographic variations. A numerical model using a parabolic approximation to the Helmholtz equation, a fluid sediment parametrization and variable topography, is used to calculate acoustic propagation. Oceanographic sound-speed fields output from the Harvard Open Ocean Model, supplemented by climatology in deep regions, provide input sound-speed profiles. Two different propagation transects are considered, both running from shallow to deep water across a developing eddy and across the front. Source depths near the surface, middle, and bottom of the shallow starting profile are studied. Some cases of near invariance to oceanographic changes are found, as are other cases of locally large oceanographic effects ( > 30 dB).
INTRODUCTION
Oceanographic fronts and eddies are mesoscale features that separate or enclose water masses of different properties (e.g., temperature and salinity). They form the oceanic analog of weather systems within the atmosphere; they contain more energy than any other form of motion in the sea and have dominant spatial scales of tens to hundreds of kilometers and dominant temporal scales of days to weeks to months (Robinson, 1983 ).
Fronts and eddies have been studied extensively within the oceanographic community, and their effects on longrange sound propagation have begun to be explored (Potter and Warn-Varnas, 1991 ). Lawrence (1983) studied the acoustic effects of warm-core eddies in the Tasman Sea, noting surface ducted sound in the eddy converting to convergence zone propagation outside the eddy, and a change of convergence zone location. Lee etal. (1989) demonstrated convergence zone shifts of 5-10 km in acoustic propagation across Gulf Stream eddies, and Mellberg et al. (1990) showed that the changing ocean structure within a few days can cause convergence zone shifts of up to 10-kin range and magnitude changes of up to 5 dB in a Gulf Stream meander. Sediment and topographic effects were ignored in these studies.
Previous work in acoustic sediment interactions (Frisk et el., 1986; Kuperman and Jensen, 1980) has stressed inference of geoacoustic parameters from near-bottom acoustic propagation patterns and bottom loss information; such work concentrated primarily on the sediment and used simplified (isovelocity) sound-speed profiles in the water.
Other work (Hamilton, 1980) has discussed determination of sediment acoustic properties from physical characteristics such as grain size and composition. Relatively little ')Present address: Submarine Development Squadron Twelve, Naval Submarine Base, New London, Groton, CT 06349-5200.
work has been done to study the long-range, large-scale effects the sediment has on propagation patterns. For such long-range calculations, the oceanographic and topographic variations can be expected to play a major role.
Work on the acoustic effects of oceanographic features including interactions with topographic variations, in the presence of a realistic sediment model, is still in preliminary stages. Siegmann et al. (1990) showed that inclusion of a fluid sediment layer had a larger effect on propagation patterns in the Gulf Stream region than did inclusions of three-dimensional effects, except in regions of strong azimuthal topographic variations. This led Carman (1991 Carman ( , 1994 to carry out an extensive sensitivity study for the dependence of water column propagation to sediment propagation parameters. Jensen et al. (1991) modeled acoustic propagation across the Iceland-Faeroes front, which is topographically tied to the continental ridge and thus occurs in a region of rapidly varying topography. Although the ridge top is relatively fiat, there are steep slopes on either side. That work found that inclusion of correct topographic variations had the largest effect on acoustic propagation patterns in the Iceland-Faeroes front region; oceanographic variations produced significant but lesser changes to the sound field. These strong environmental effects on low-to mid-frequency sound propagation were demonstrated using propagation loss curves at specific depths generated by a parabolic approximation model. Ray calculations (essentially a high-frequency approximation) through the same environment provided some physical interpretations for the difference observed, but only for some effects.
The present study draws conclusions again based on propagation loss curves generated by a parabolic approxi- Robinson and Walstad, 1987) has been tuned for meandering and eddying of the frontal system over the top of the ridge (Denbo and Robinson, 1988a,b) and the QG-HOOM field estimates together with climatology in the deeper regions provide the basis of the sound-speed estimates for this study. The HOOM outputs provide such sound-speed data sets by using the quasigeostrophic streamfunction to calculate vertical displacements from background density surfaces throughout the domain; the displacements are then applied to background temperature and salinity profiles (Robinson et aL, 1994) . Sound speeds are calculated using standard formulas (Fofonoff and Millard, 1983 ).
Acoustic propagation can be calculated in these sound-speed fields, using the Implicit Finite Difference (IFD) model developed at NUSC, New London (Lee and Batseas, 1982; Batseas et al., 1983 Batseas et al., , 1989 . The model uses the parabolic approximation to the Helmholtz equation in two dimensions; it updates the sound-speed profile used with every range step and vertically interpolates between vertical oceanographic model levels using a spline fitting routine (Akima, 1970) . Propagation transects have been chosen nearly perpendicular to oceanographic gradients in order to minimize three-dimensional effects. The present version of the model is capable of handling a fluid sediment model with variable topography, although the watersediment interface is modeled as locally fiat (Siegmann etal., 1990) . At the interface a sound-speed discontinuity is applied and maintained constant throughout the calculation. Below the interface, the sediment density is set at a new (constant) value, and the sound speed increases linearly with depth to the bottom of the sediment layer. Attenuation is modeled via an imaginary component of the note that these conditions are strongly reflecting for sound at all angles of incidence, while sound near grazing incidence will again approach 100% reflection. As these parameters remain constant throughout the calculation, the functional form of the reflection coefficient will remain constant with range.
The value offl used in this work is extremely high and is used to model compressional wave conversions to shear waves at the shallow sediment-substrate layer, and subsequent shear wave attenuation (Vidmar, 1980; Knobles and Vidmar, 1986 ). We note that in a realistic sediment this shallow, we could expect compressional wave reflections off the sediment-basement interface; these reflections were not included in the IFD model of the sediment since we maintain a constant density and sound speed across the perfectly transmitting interface between fluid sediment layer and artificial absorbing bottom. To more realistically handle the situation, a discontinuity in density or sound speed could be used across the interface, or another layer added.
For propagation across the developing warm eddy, tlhe most meaningful comparison was to propagation in t]he range-independent Arctic profile; the eddy can be thought of as a perturbation to the Arctic water mass. For propagation across the frontal transect, comparisons to propagation through both the Arctic and Atlantic profiles proved informative. Propagation patterns in the Gap region in any case appear to be a balance between whichever is the strongest of several factors. First, the higher the sound speed at the source is relative to that at the sediment, the more important will be the bottom interactions to the entire water column propagation patterns. Conversely, the closer the source is to the sound channel axis, the more strongly excited will be the modes that make up shallow-angle sound paths near the channel axis. Additionally, the Atlantic water surface duct will overwhelm other surface phenomena at f---50 Hz but will only serve to increase the surface sound speeds at f---25 Hz. Propagation in each case seems to be governed by the relative strengths of each of these effects, for each source location and frequency. An exact determination of the interplay would require closer study with a simplified topography.
Several points can be noted about the topographic effects; first, over the starting shallow regions, the sound will undergo an extremely large number of bottom interactions. In view of the different angles of these interactions, the sound will not be in coherent unidirectional beams when the topography slopes away. Rather, at each location magnitudes will be due to sound travelling along various different paths. Additionally, the angular dependence of the Rayleigh reflection coefficient means that sound in shallower propagation paths will persist to longer ranges than will sound in steeper paths; while over the shallow topography such sound both undergoes fewer bottom interactions and incurs less loss with each interaction. Thus the shallow starting range acts to selectively filter out the steeper propagation paths from the sound field.
II. PROPAGATION THROUGH THE WARM EDDY
A. Shallow source When the realistic topography is used for calculations with different oceanographic conditions, the result is a complex array of propagation patterns about which generalization is difficult. In many cases, a pattern of magnitudes appeared in the shallow receiver (zrcvr= 10 m) that was almost invariant to oceanography but which depended on topography. Figure 2 shows an example of this invariance by comparing propagation through the eddy at f= 50 Hz, source zs----10 m with propagation from the same source with the same frequency through the Arctic profile. Receiver depths in these figures are 10 and 600 m; the eddy receivers are bold. Note in the 10-m receivers, the pattern of minima near 40-and 65-km range with a broad maximum in between, followed by that broad maximum extending between 75 and 125 km. This occurs geographically coincident with the warm eddy, and might be considered an effect of the oceanography, except that the rangeindependent Arctic case does not contain the eddy perturbation. Other sources show a similar pattern in the shallow receiver; there may be slight modifications but it is nearly always present, especially the minima near 40-and 65-km range. Because of its relative invariance to oceanography and dependence of topography, it seems to be due to a broad reflection of the incoherent sound off the sloping shelf and the particular reinforcing patterns of the superimposed sound. A different form of topographic pattern occurred in the range-dependent and range-independent oceanographic calculations along transect B; the topography proved too irregular to attach a specific interpretation to these patterns. These patterns will be pointed out in the upcoming examples. At 25 Hz for this case, a similar pattern of topographic interactions dominated the entire water column propagation.
Propagation along this transect with tlhe Atlantic water profile (Fig. 3) and 10-m source at 50 Hz shows an example of the primary instance in which the oceanographic effects overwhelmed this topographic effect. Recall that for a surface duct of 250-m depth, we can expect surface trapping for sound at 47 Hz and above; in Fig. 3 (c) we see sound propagating to long distances in the upper region of the water column. Note in the 10-m receiver the greatly enhanced sound levels over the other two cases, Fig. 2(c) We note that for the Atlantic profile, which is most similar to the starting profile of the frontal crossing, the main sound channel axis is near 780-m depth; for the Arctic profile, the main sound channel axis is near 590-m depth and the sound speeds are considera;bly lower in the upper water column than in the Atlantic profile. The starting bottom depth along this transcot is 734 m; thus for the Arctic sound-speed profile there is some very small amount of upward refraction before the bottom is encountered, which the downward topography will increase, permitting water-refracting sound to propagate within close ranges of the source. In the Atlantic sound-speed profile with its deeper sound channel axis, this topography configuration does not permit any water-refracting sound until after 25-km range. In the realistic frontal oceanography, the shallowing of the sound-speed channel in conjunction with the deepening topography permits water-refracting sound after approximately 10 km. Apparently this is not soon enough in the propagation pattern to overwhelm the bottom-interacting sound that makes up those topographic acoustic patterns seen in the shallow receivers, and the resulting propagation patterns into the Norwegian Sea are dominated by the presence of Atlantic water at the source location. At 50 Hz for this source depth, the bottom interactions set up at the beginning of the propagation again dominated the entire calculation. Propagation patterns appeared very sensitive to the conditions in short ranges.
B. Middle source
With the source in the center of the starting water column, a different propagation effect obtains; propagation across the front shows effects of Arctic water, modified by bottom interactions generated near the source. (Fig. 8, left) , we see in that case a broad interference pattern that appears to be the bottom interactions that obtain for this topographic configuration and source depth. With matching conditions in the Arctic profile (Fig. 8, right) (Fig. 10, left) , we see that in the Atlantic profile the strong sound-speed gradient between 300-and 600-m depth, in conjunction with the large amount of loss to steeply propagating sound in shallow regions, has removed propagation paths with large vertical angle and strongly confined the sound to the center of the Atlantic sound channel axis near 750.-m depth. Propagation in the range-independent Atlantic sound-speed profile shows sound trapping in the surface duct, which did not appear in the range-dependent case due to the lack of duct beyond 15-km range. Additionally, the Atlantic profile with its steep gradient between 300-and 700-m depth strongly confines sound to the channel axb;, while interactions with the early shallow bottom remove steep-angle sound. Range-independent propagation in the Arctic profile (Fig. 10, right) Deeper sources closer to the sound channel axis (which was close to the shallow bottom) will excite the shallow-angle modes in the center of the sound channel more; thus their propagation patterns were more strongly affected by the oceanography and its variations with range. Topographic losses still occur over the early propagation range, but their magnitude is less due to the larger amount of shallow-angle sound. Propagation along the transect containing the developing eddy primarily showed the effects of the increased bottom losses due to the strongly downward-refracting gradient at its base. These increased losses more effectively removed the steep-angle sound than did the oceanographic fields without the eddy. Figure 11 Arctic-type water with its shallower surface gradient permitted some wider angle sound to propagate, but with reduced intensity due to the early Atlantic profile bottom interactions (10-15 dB less). These principles were seen in many cases, but the types of propagation patterns they produced depended strongly on source depth via the relative amounts of sound in different modes. In some cases, primarily with shallower sources, the propagation patterns depended almost entirely on the sound-speed profile at the source. In other eases, usually with deeper sources, the propagation patterns were more determined by the desfl.-nation water type.
This work confirms and extends the conclusion of Jensen et al. (1991) that, in the Ieeland-Faeroes Gap region, the topographic configuration very strongly affects the acoustic propagation pattern. Use of contour plots of low-frequency sound magnitudes, and a more accurate sediment model, permits the interpretation that oceanographic variations produce significant but lesser modifiea.. tions to local sound magnitudes by altering the amount of sediment interactions. We must note that these ealcula-.
tions were performed using a two-dimensional version of the acoustic model; due to the strong azimuthal depen-. dence of both topography and oceanography, we can peet significant out-of-plane effects to occur in this region.
